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I. INTRODUCTION
PnCs possess the ability to prohibit the propagation of elastic waves over a specific frequency range, which is based on the material properties and geometry of the PnC. Creation of the frequency band gap is primarily based on Bragg scattering between inclusions embedded in the host material of the PnC. Thus, the location of the band gap in the frequency domain is dependent on the lattice constant between inclusions. 1 The inclusions are typically cylindrical in shape and are filled with a fluid [2] [3] [4] or a solid. [5] [6] [7] Recent work shows that solid inclusions open wider band gaps than fluid inclusions in PnCs for a large range of frequencies. 1 Choosing the proper matrix and inclusion materials is also based on acoustic impedance, Z (Z = √ Eρ), where E is the elastic modulus of the material and ρ is the density; larger differences in Z lead to wider band gaps. 8, 9 Based on these design criteria, the PnC fabricated in this work is a solid-solid PnC on a square lattice comprised of a Si host material and W inclusions.
Since PnCs can alter the wave propagation of elastic waves, phonon manipulation is possible. Considerable amounts of thermal energy are carried by phonons having frequencies above 10 GHz. 10 However, the Debye model predicts that the 3k B T phonons ( ω ≈ 3k B T)), where k B is the Boltzmann constant, T is the temperature (in Kelvin), is Planck's constant divided by 2π , and ω is the phonon frequency, contribute the most to the total energy and thus for room temperature the dominant 2158-3226/2011/1(4)/042001/8 C Author(s) 2011 1, 042001-1 phonons exist around 1 THz. 11 In order to attain PnCs that manipulate THz frequencies, lattice constants on the order of a nanometer are necessary. 1 The highest operating frequencies reported for PnCs are in the 1-12 GHz range. 3, 7, 12, 13 For PnCs with 1D lattices, measurements have been made up to 12 GHz. 13 Though appealing due to their simplicity, 1D lattices are not capable of opening band gaps nearly as wide as 2D lattices due to their decreased symmetry. For 2D lattices, frequencies up to approximately 1 GHz have been demonstrated. 3, 7 The lattice constants for the 2D PnCs were between 1.36 μm and 2.5 μm. Manipulation of THz frequency phonons requires a further reduction of the lattice constant of the inclusions and their radii. In this article, a PnC with a 2D lattice is reported that operates above 10 GHz. Its primary band gap frequency is 33 GHz with a secondary band gap at 47.5 GHz. It was fabricated in a freestanding Si membrane with W inclusions whose lattice spacing is 100 nm. The ultimate goal is to achieve a PnC with an operating frequency at 1 THz, and creating a PnC with a band gap at 33 GHz is the first step towards that goal.
II. MODELING OF BANDGAP
A two-dimensional numerical simulation of elastic waves propagating through the PnC was performed using the Finite Difference Time Domain (FDTD) method. A detailed description of the FDTD method can be found in Ref. 14. A wideband longitudinal displacement pulse is generated at one end of the PnC, and a single point detector on the other end of the PnC collects the time dependent displacement response of the crystal. The FDTD grid in the longitudinal direction (direction of propagation) is terminated by Mur absorbing boundary conditions, which prevent spurious reflections of the propagating wave at numerical grid boundaries. For the other two directions periodic boundary conditions are implemented, effectively creating a structure of infinite extent in those directions. The Fast Fourier Transform (FFT) technique is utilized to recover the frequency domain response from the collected time domain displacement data. Figure 1 (bottom) shows the band gap predicted by the FDTD simulation of the 2D PnC fabricated for this article.
The simulation uses W inclusions in a simple cubic lattice with a radius of 16 nm spaced 100 nm apart within a Si matrix. In the simulations W was given a density of 19.25 g/cm 3 , a longitudinal sound velocity of 4611 m/s, and a transverse sound velocity of 2890 m/s. Si had a density of 2.33 g/ cm 3 , 8520 m/s for a longitudinal sound velocity, and a transverse sound velocity of 5387 m/s. Each direction in numerical space used 50 nodes per unit length, where the unit length is equal to the lattice constant. Using these parameters, a primary band gap centered at 33 GHz with a width of 14.7 GHz is predicted for this PnC along with a narrower secondary band gap centered at 47.5 GHz. Additionally, the dispersion of the Si-W PnC was calculated for the same parameters using the plane-wave expansion (PWE) technique, 15 as shown in Figure 1 (top). Only the -X direction in frequency space was considered to match the FDTD simulation, which excited elastic waves on one side of the PnC and detected them on the opposite parallel face. Also, the FDTD simulation excited and detected only longitudinal waves to model the effect of most transducer designs, which predominately couple to longitudinal elastic waves. 16 Thus, the in-plane and out-of-plane transverse modes in Figure 1 (top) were not considered in comparing with the band gap shown in Figure 1 (bottom). Given these assumptions, the primary and secondary band gaps predicted by PWE are in excellent agreement with those predicted by FDTD; compare the shaded regions of Figure 1 for the FDTD and PWE results.
III. FABRICATION AND RESULTS
Successful fabrication of a PnC requires both an ordered-crystalline pattern and isolation from the surrounding material. The focused ion beam (FIB) is a tool that allows for control of a beam of Ga + ions with nanometer precision -nanoFIBrication. This enables the creation of an ordered array of holes and for backfilling these holes with W. Suspension of the PnC allows for its isolation and direct observation of vias penetrating the entire thickness of the membrane prior to backfilling the holes with W. Therefore, fabrication is carried out with a FIB on a freestanding membrane of Si. There are numerous models that describe via formation 17, 18 and metal deposition. [19] [20] [21] [22] In via formation, the incoming beam of ions is assumed to be Gaussian. 17, 23 When an ion reaches the target, it can penetrate into the sample and create a series of events that causes a particle to be ejected (or sputtered) from the surface. Depending on the size of the ion beam, lateral damage induced by the beam can be the same as or larger than the ion beam itself. 24 As for metal deposition, it is induced by the secondary electrons from either an electron beam or the interaction of the ion beam with the surface. In all of these explanations, it is assumed that there is only a top surface, i.e. one is milling and filling a blind hole (no exit). When milling a freestanding substrate, however, both the top and the bottom surfaces must be taken into account.
For the devices fabricated in this work, a 200 nm protective layer of Cr was deposited on the top surface of the Si. By using a protective layer, surface damage by Ga + ions is confined to the Cr and does not reach the surface of the thin Si membrane between each via. Cr also has the added benefit of generating better images in the SEM because of its high electrical conductivity. Upon completion of the PnC, the Cr is removed along with any sputtered material on top of the Cr.
The lower Si surface is exposed to the vacuum environment inside the vacuum chamber of the FIB, and it is 1 μm above the Si substrate. For modeling purposes, the 1 μm gap is treated as a layer of low-density N 2 . Because the lower surface is not confined by additional material below, the exiting ions and sputtered material have an additional direction to travel. This allows the ions and sputtered material to exit from both the top and bottom surface.
Using a Monte Carlo simulation package named TRIM (Transport of Ions in Matter), it can be shown that incoming ions induce damage in a cone, or trumpet shape (Figure 3(a) ). TRIM calculates the stopping and range of ions into matter using a quantum mechanical treatment of ion-atom collisions, 25 and it allows multiple layers of different materials with varying thicknesses to be modeled. The model also captures the last known position of an ion, its exit energy, and its direction cosines.
All of the TRIM modeling in this report used Ga + ions accelerated with a voltage of 30 kV that penetrate, beginning at a single point, a two-layer system comprised of a thin layer of Si on top of a layer of low-density N 2 . For completeness, multiple simulations were performed with various Si layer thicknesses, with the thickness ranging between 5 and 100 nm. N 2 acted as the void between the thin Si layer and the substrate. Since the focus of the TRIM modeling was to observe the shaping of the Si, Cr was not used in the model. Figure 3(a) shows a result from the TRIM modeling. A single row of ions strikes a 20 nm thick Si surface, which is on the top of Figure 3(a) . On the bottom of Figure 3(a) is the low-density layer of N 2 , which is also 20 nm thick. Damage to the Si layer has a conical shape, or trumpet-like appearance, an effect that was also observed during FIB nanofabrication of the PnC (Figure 3(b) ). In the TRIM model, all of the Si thickness variations predicted damage in a conical shape.
The first step in fabricating the PnCs was creating a thin device layer on a silicon-on-insulator (SOI) wafer. Studies show that thin membranes produce a band gap that is unaltered by slab modes. 7 More specifically, the membrane must be thinner than the lattice spacing. For a 33 GHz PnC, the device layer must be less than or equal to 100 nm.
To thin the initial 450 nm thick device layer of the SOI wafer down to a thickness of 100 nm or less, thermal oxide layers were grown from the Si and subsequently etched away until the desired thickness was attained. After thinning, outlines of the PnC were patterned on the wafer. Because of the miniscule dimensions of the devices (100 nm thick and microns in width), they were prone to stiction failure. [26] [27] [28] To minimize the possibility of stiction failure, the devices were dried using a CO 2 critical dryer.
The next step utilized the FIB to nanofabricate a square array of air holes and backfill with W. All of the FIB work was performed with FEI's Quanta 3D FEG dual beam system. The ion gun, mounted 52 o from vertical, both milled the vias and then backfilled the vias with W. A 2D square lattice of circular vias was created in the 70 nm thick freestanding Si membrane. Each circular via in the pattern was created by dwelling the ion beam at a single pixel for a set period of time rather than rastering the beam in a circular pattern around each lattice point. At each defined lattice center, the ion beam would dwell for a preset amount of time before moving to the next lattice center. The voltage and current of the ion beam were set at 30 kV and 10 pA, respectively. This generated circular vias with a diameter of 32 nm. Control over the spacing between vias was determined by the pitch of the ion beam in the x and y directions, which was set to 100 nm. Setting the pitch closer eroded enough of the Cr layer to cause overlapping of the air holes in the Si layer.
As the ion beam moved from one pixel to the next, the beam was not blanked (blanking the beam during milling is not allowed by the system). This meant material between the desired holes was also removed. In order to minimize this effect, the dwell time of the ion beam was maximized (25 ms) so that a minimum number of passes were made to fully penetrate the freestanding membrane. In the end, a 7 x 7 μm array of air holes with a lattice constant of 100 nm was nanofabricated with the FIB. This generated a 71 x 71 air hole array, or 5041 individual vias. With such a large array and a small beam current, each pattern took approximately 40 minutes to fabricate. Because of the precision required and the amount of time needed to fabricate a single device, the die holding the membrane was mounted onto a custom 52 o pre-tilt stage to minimize mechanical drift of the dual beam system. Figure 4(a) shows a completed array of vias.
After nanofabrication of the air hole array, the next step was to backfill the holes with W. The FIB system is equipped with a gas-injection system (GIS) needle that flowed tungsten hexacarbonyl gas over the device. Ray et al. showed that confinement of the ion beam to an area much smaller than the via during deposition (1:16 area ratio) generated vias with no voids. 29 To control the deposition area, a script was written to generate a pattern of circles with a specific diameter and spacing equal to the spacing between the air holes. A diameter of 8 nm provided the 1:16 area ratio. Also, the ion current had to be set to a lower value of 1.5 pA to allow a smaller area to be swept out. The accelerating voltage, however, was kept constant at 30 kV. A dwell time of 500 ns provided enough time for the W atoms to adsorb onto the sidewalls of the vias. A W-filled air hole array is shown in Figure 4(d) .
A cross-section of the W-filled holes in a freestanding membrane is shown in Figure 4 (e), illustrating the void-free W deposits. In Figure 4 (e), the vias were covered with a layer of Pt to preserve the array during cross-sectioning.
IV. DISCUSSION
Referring to Figure 2 , it is clear that a freestanding membrane allows for underside observation. Direct observation of the substrate allows confirmation of the membrane's penetration. Another possible way to visually confirm complete penetration is by generating a cross-section of the device, but such damage to the PnC would render it useless. Variations in thickness across the wafer (±25 nm) also prohibit one to assume that a particular z-depth setting on the FIB would work for each device.
A second observation is of the membrane's underside, which can be seen in Figure 4 (b) and 4(e). Milling vias in the freestanding membrane created a trumpet effect as the ions exited the membrane. This result was certainly unexpected, but it can be explained by looking at the TRIM results and the molecular dynamics model by Russo. 24 As ions bombard the surface, they do not stay confined to the initial cross-sectional area. Instead, the ions spread out and remove material from a larger region than the incident area.
Once the ions have milled through the freestanding membrane, they continue down to the Si substrate below and can begin to mill the substrate if they have enough energy. Because the ions spread out as they leave the freestanding membrane, the via in the substrate should be bigger than the corresponding via milled into the membrane. As stated previously, TRIM captures the exit energy, position, and direction cosines of an ion. Using this energy and geometric information along with the BOX layer thickness of 1 μm, the radius of the hole in the substrate (Figure 3(b) ) can be estimated.
With a 5 nm layer of Si and confining the ions to those that have energy greater than 29 keV, the mean lateral distance of the Ga + ions in the substrate from the x-axis is predicted to be 56.3 nm (Figure 3(d) ), which is consistent with a radius of 52 nm for the holes milled in the substrate. Since the initial Ga + ions striking the Si sputter away the top layer and don't contribute to the lower surface being sputtered, only the last 5 nm of the Si surface is used in the TRIM model. An ion energy value of 29 keV is used since it is the mode for the statistical distribution of the transmitted ions (see Figure 3(c) ).
Void-free metal deposition in a membrane via was additionally demonstrated (see Figure 4(e) ). This provides evidence that metal deposition growth is initiated on the sidewalls of the vias, which agrees with the observations of Ray et al., who observed accelerated deposition of metal on the sidewalls of their vias. 29 Due to the secondary particles (electrons and ions) generated by the ion beam's interaction with the sidewalls of the vias, metal deposition is initiated on the sidewalls. If the ion deposition beam diameter is similar to that of the via, it is more likely that metal deposition will occur only on the sidewalls, and this may create voids within the plug. By confining the ion deposition beam to an area much smaller than the via, Ray et al. were able to fill vias with a void-free deposition. The same approach was used here to fill vias in a freestanding membrane with similar results: void-free deposits of W.
Another interesting observation was the profiles generated by milling two different materials with different sputter rates. Compared to Si, the top layer of Cr has a higher sputter rate. Because of sputter rate differences, a non-uniform Gaussian beam profile is generated when milling stacked layers of materials with different rates (Figure 4(c) ). Since the top layer of Cr has a higher sputter rate than the Si underneath, the width of the Cr hole is slightly larger than the hole in Si. Based on this, one could potentially use materials with different sputter rates to deliberately shape the beam profile in each layer.
V. CONCLUSION
Using a focused ion beam, a 2-D simple cubic PnC was nanofabricated with the FIB into a freestanding membrane of Si using a protective layer of Cr. The PnC is comprised of W plugs with a diameter of 32 nm in a simple cubic lattice, and the spacing between each inclusion is 100 nm. FDTD simulations and PWE calculations predict the PnC to have a band gap centered at 33 GHz and a width equal to 42% of the center frequency. Currently direct measurement of the bandgap is difficult since there are no transducers that operate at such a high frequency. One option, however, is to use Brillouin light scattering to characterize the PnC. Since the goal is to minimize heat transfer across the PnC, another option is to not measure the band gap and instead measure its thermal conductivity to determine its ability to minimize heat transfer. Using a Monte Carlo simulation package called TRIM, the geometry of the vias was predicted as fabricated in a freestanding membrane. Nanofabrication of a PnC in a freestanding membrane with a FIB revealed a number of interesting observations. 1)
